Rapid analysis of microbial communities has proven to be a difficult task. This is due, in part, to both the tremendous diversity of the microbial world and the high complexity of many microbial communities. Several techniques for community analysis have emerged over the past decade, and most take advantage of the molecular phylogeny derived from 16S rRNA comparative sequence analysis. We describe a web-based research tool located at the Ribosomal Database Project web site (http://www.cme.msu.edu/RDP/html/analyses.html) that facilitates microbial community analysis using terminal restriction fragment length polymorphism of 16S ribosomal DNA. The analysis function (designated TAP T-RFLP) permits the user to perform in silico restriction digestions of the entire 16S sequence database and derive terminal restriction fragment sizes, measured in base pairs, from the 5 terminus of the user-specified primer to the 3 terminus of the restriction endonuclease target site. The output can be sorted and viewed either phylogenetically or by size. It is anticipated that the site will guide experimental design as well as provide insight into interpreting results of community analysis with terminal restriction fragment length polymorphisms.
Many microbial communities have proven to be complex assemblages of different phylotypes and physiologies. For example, the number of species in soil is estimated to be more than 4,000 species/30 g of soil (17) , and estimates of the number of bacterial species are enormous (6) . It has been only within the last 20 years that we have begun to recognize the phylogenetic diversity of the microbial world. During this time 16S rRNA has emerged as one of the premier phylogenetic markers (7, 16, 19) , providing a landmark for comparative analyses of isolated and uncultured strains as well as microbial communities.
Comparative community analysis provides an accelerated approach to understanding community structure and function. It allows for the identification of unique or numerically dominant strains or groups under defined or controlled conditions. Thus, one can begin to dissect the trophic complexity of a community by changing nutrient patterns and observing the resulting changes in community structure. A number of rapid techniques to screen communities have been developed (2, 3, 8, 9, 13, 14) , and many of those described to date take advantage of the 16S rRNA phylogenetic marker and are cultureindependent approaches (1) . Preliminary steps include the isolation of community DNA and the PCR amplification of a phylogenetic marker from the community DNA template. It is at this point that the various approaches differ in how the PCR products are separated. Terminal restriction fragment length polymorphism (T-RFLP) takes advantage of the high resolution and throughput of automated sequencing technologies to separate the polymorphic terminal fragments after restriction digestion. Because the polymorphism is based solely on the length of the fragment, direct reference can be made to the sequence database (9, 11) .
The potential effectiveness of distinguishing phylotypes by T-RFLP is presented in Fig. 1 . The frequency distribution of terminal fragment sizes derived from an in silico digestion with TspEI (AATT) of all sequences in release 7 of the Ribosomal Database Project (RDP) is plotted, with fragment size on the abscissa. Of the 1,663 nearly complete sequences from release 7, 1,200 are recognized by both the 27F primer and restriction endonuclease TspEI. Among the 1,200 restriction products, there are 349 unique terminal fragment sizes. The ability to resolve 29% of the phylotypes from the current database is significant, given the skewed composition (e.g., duplicated sequences and emphasis on medically important organisms) of the database. The terminal fragment sizes with the greatest frequency are indicated.
To increase the effectiveness of T-RFLP as a tool for community analysis, knowledge of the distribution of restriction sites on the 16S ribosomal DNA (rDNA) and of the relationship of terminal fragment size to phylogeny is required. To that end we have developed a web site that integrates the most recent release of the Ribosomal Database Project (10), including the phylogenetic tree, with a pattern-searching algorithm. The site provides the investigator with a rapid way to determine optimal primer and restriction enzyme combinations for community analysis. Moreover, it permits an approach to tentatively identify experimentally determined phylotypes from cognate phylotypes in the database.
Brief description of T-RFLP. The initial steps of community analysis protocols vary only in detail. Briefly, community DNA is extracted directly from the environment by any of the techniques that are efficient for the particular community (15, 20) . The 16S rDNAs from phylotypes present in the community are then PCR amplified using primers targeted to conserved regions of the gene. Primers can be designed to be nondiscriminating, amplifying nearly all 16S rDNAs, or selective, targeting specific domains or groups. The 5Ј primer is fluorescently labeled to tag the products. The amplification products are then digested with restriction endonucleases, usually 4-base cutters, and the primer-proximal products (hence, the use of the descriptor "terminal") are sized on a sequencing gel (2, 3, 5, 9, 11) . Three T-RFLP electrophoretic profiles from an HhaI digestion are presented in Fig. 2 . The two profiles from soil communities ( Fig. 2A and B ) are similar to one another and decidedly different from the profile of activated sludge (Fig.  2C) . Presented in Fig. 2 are terminal fragments ranging from 35 to 600 bp long. The insert in Fig. 2A presents an expanded view of the soil community profile (with terminal fragments from 35 to 120 base pairs long) as a demonstration of the resolving power of the method. While longer fragments are possible, they are not accurately sized by the combination of gel parameters and size markers employed in this experiment.
T-RFLP analysis program (TAP) web site. We have developed a web site (located at http://www.cme.msu.edu/RDP/ trflp/#program) that allows the investigator to answer the following initial questions in community analysis using T-RFLP. (i) What restriction enzyme(s) will provide the most discriminating activity for estimates of population diversity? (ii) What enzyme(s) will provide the best resolution for the phylogenetic group(s) of interest? (iii) What primer-enzyme combination will be optimal for the community under investigation? In the final analysis, each specific community may have its own set of optima that are empirically defined. However, initial general directions regarding appropriate enzyme(s) to use, as well as phylogenetic insights, can be gained by examining an in silico digestion of the 16S rRNA database (4, 9) .
TAP gives its users the ability to simulate the T-RFLP procedure with the entire RDP as the surrogate community. The required user input includes a forward or reverse primer sequence that may contain non-Watson-Crick International Union of Biochemistry (IUB) characters and a restriction enzyme target sequence(s). In addition, the maximum number of base mismatches allowed within a specified number of bases from the 5Ј end of the primer can be specified. In the event that more than one restriction enzyme is selected, the operator has the additional option of performing multiple single digests or a single multiple enzyme digest.
Upon submitting a digest request, the program accesses the most recent release of the RDP prokaryote database, extracts a name and a sequence, and attempts to prime each sequence with the supplied primer sequence under the specified condi- tions. Each sequence that is successfully recognized by the primer sequence is digested by the specified enzyme(s). If the user selects multiple single digestions, the program will display each resulting terminal fragment size and enzyme with the organism's name and short ID (SID) (Fig. 3) . If the user selects a multienzyme digestion, the shortest fragment size and corresponding enzyme is displayed with the name and SID. In the event that a sequence is successfully primed but no restriction site is found, "NA" is entered in the data set at the appropriate site.
The resultant digest data, including the organism's name, its RDP identifier, and one or more fragment sizes and enzyme pairs, can be displayed in two configurations. The default configuration places the data within the RDP's prokaryotic phylogenetic hierarchy (Fig. 3) . For each phylogenetic group, the display shows the group's level and name and an image indicating whether any levels and/or sequences are collapsed underneath. If a phylogenetic group contains subnodes, the indicator can be selected to toggle the display between expanded and collapsed forms.
In addition to the phylogenetic hierarchy display, TAP can display the digest data in a sorted order. The user can sort the data by sequence name, by SID, or by a digest's restriction fragment size. The data is ordered alphabetically if sorted by the organism's name or SID and is ordered numerically if sorted by a digest's restriction fragment size. The program determines what information to sort by the selection of a header at the top of each column of data.
An additional function the program offers is the ability to highlight specific organisms of interest. The highlight status of an organism is retained between the phylogenetic and sorted displays. The user can toggle the highlight status of an organism by selecting it. In addition, the highlight status can be toggled by performing a search. The program's search engine will examine the column with the selected header for the word, or set of fragment sizes, supplied by the user. By default, the search engine adds to those already highlighted organisms that meet the user-specified criteria. This allows the user to perform a Boolean "OR" search. Alternately, the user can search only the previously highlighted organisms for the specified word or fragment size(s), removing the highlighting from any organisms that do not match the search parameters. This allows the user to construct a Boolean "AND" search. Furthermore, when searching a digest column for particular restriction fragment sizes, the user can specify a base-pair tolerance.
TAP was developed for multiplatform usage through the web. The priming and digest calculations and access to the Ribosomal Database Project RDP-II database are handled by a web server using common gateway interface programs at the RDP-II web site. The user interface is implemented as an applet in the Java 2 programming language. Because browser support for Java is not uniform, we have designed the applet to work with a Java plug-in available from Sun Microsystem's web site (http://java.sun.com/products/plugin) for Solaris and Windows operating systems or from Mozilla Organization's web site (http://www.mozilla.org/oji/MRJPlugin .html) for the Macintosh operating system. Some Macintosh users may also need to obtain the most recent version of the Macintosh Runtime for Java which is available from Apple Computer's web site (http://www.apple.com/java). All aforementioned software packages are available free of charge. Links to these packages can be found on the TAP web page.
Fragment lengths and phylogeny. The power of the technique rests in the high throughput and resolution of terminal fragment lengths with nucleic acid sequencing technology. The fact that in silico digestions of the RDP indicate that a significant fraction of the current database can be distinguished on the basis of terminal restriction fragment length in no way is meant to imply that one can positively identify phylogenetic groups or species based upon terminal fragment length. However, the disposition of restriction sites along the length of the 16S rDNA molecule does reflect phylogeny at some level. 12 cannot be distinguished with three enzymes. These are, of course, phylogenetically quite close to one another, accounting for the conservation of restriction site positions. The Buchnera subgroup is resolved below the species level. Third, the HhaI fragments from these phylogenetic groups have terminal fragment sizes greater than 1,000 bp. Terminal fragments of sizes greater than 600 bp are resolved poorly, if at all, by gel systems. While capillary electrophoresis systems offer longer sequence reads (up to 1,000 bp under optimal conditions) and fewer electrophoretic anomalies, coverage of the entire molecule with one labeled primer is still impossible. Hence a single-label profile, even under optimal conditions, may not reveal or track all potentially resolvable populations of a community. An inspection of the digested database with TAP will quickly reveal if there are any known phylogenetic groups that would be out of range of a single labeled primer with a specified enzyme. This underscores the need for several primer sets or multiplexed fluorescently labeled primers when dissecting a complex community by T-RFLP.
Pitfalls of T-RFLP. T-RFLP analysis of microbial communities is gaining increased usage in the scientific community because it is rapid and has high resolution. It is, however, subject to all of the caveats routinely applied to molecular approaches that are dependent on efficient extraction of community DNA and PCR amplification of a target gene. These difficulties have been discussed previously in considerable detail (15, 18, 20) and include, primarily, concerns regarding preferential extraction of genomic DNAs and amplification bias during PCR. In addition, care must be taken to assure that the restriction digests are complete and specific. This can be monitored by including the amplified product from a wellcharacterized isolate in representative digestions. If this control product is amplified with a primer labeled with a different fluor, it can easily be distinguished from fragments derived from the community profile.
Inasmuch as the power of this technique lies in comparative community analysis, considerable attention must be paid to standardizing all parameters during the processing of the samples. That having been done, any differences detected in community profiles can be attributed to differences in community structure rather than to differences in sample preparation. It should also be noted that a terminal restriction fragment profile is a quantitative and detailed view of the PCR product pool derived from a community. It is not, however, a quantitative view of the structure of the native community, primarily because of possible PCR bias during amplification and the diversity of rRNA operon copy numbers seen within bacterial genomes (18) .
Evolving web site. The future directions for this site will depend in part upon suggestions from users. There are several new features currently being considered. First, we will extend the analysis function to the 18S and large subunit database. Second, we hope to develop a data analysis function that would provide rapid identification of species in the database that match a submitted T-RFLP profile. Third, we will further enhance the methodologies for rapid comparisons of T-RFLP profiles with an eye to identifying pandemic as well as endemic populations among the communities being compared.
